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1. INTRODUCTION

Passive satellite sounders do not directly measure wind velocity; instead they derive it
indirectly from the satellite temperature profile. The temperature profile is computed
from radiances (infrared or microwave) emitted by volumes of atmosphere, each defined
by a horizontal resolution area, and a vertical thickness according to a weighting function
centered at some pressure level. The temperature profile is used to compute geopotential
heights for the several pressure levels. The height field from many soundings for each
pressure level is used to compute the geostrophic wind. The geostrophic wind is an
approximation to the real wind that assumes frictionless flow parallel to "straight" height
contours (along a great circle), where the pressure force balances the coriolis force. An
alternative method involves the shear of the geostrophic wind, commonly referred to as
the "thermal wind." For a given layer, thermal wind may be derived by using the gra-
dient of mean layer temperature or the gradient of layer thickness. Since the thermal
wind is really a shear, the wind velocity at some baseline level must be measured or
computed (for example, geostrophic or measured wind at 800 hPa). Figuie 1 illustrates
the meaning of the thermal wind through a simple example. In the example the assump-
tion is that the geostrophic wind at 700 hPa (1 hPa = 1 mbar) has a speed and direction
of 20 ms' and 240', and at 500 hPa the values are 20 ms"1 and 3000. The thermal wind
speed and wind direction are 20 ms-1 and 3600, respectively. In this case the isotherms
run from north to south, with the warm air to the west. Geostrophic wind and thermal
wind are defined and derived in standard texts (Haltiner and Martin 1957, Holton 1979).

600o Vthermal

Figure 1. Illustration of the thermal wind for a layer from 700 to 500 hPa (see text).
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This report presents some information and sample calculations on the types of errors that
may be expected when geostrophic wind or thermal wind is used to estimate the actual
wind from data gathered by passive satellite sensors. The assumption is that no
additional data are available (that is, only satellite sounding data from sensors of the type
found on present day environmental satellites). This report does not treat the
improvements that should occur when data from other sources of data (for example,
radar profilers, ground-based radiometers, unmanned aerial vehicles) are combined with
the satellite data.

2. GEOSTROPHIC WIND

2.1 Basic Derivations

The equation for geostrophic wind along a constant pressure surface is given by

V 1 /• (1)

where f is 20 sin 0 (0 sin e is the angular velocity of the earth about the local zenith

at latitude 6, and 0 is the angular velocity at the poles), n is the horizontal distance,
* is geopotential height, and V5 is the geostrophic wind component perpendicular to the8g
n direction. In general, geopotential height is f = gdz where z is height and g =

gravitational acceleration. For z in meters 4) a 0.98z.

The geostrophic wind also may be computed for a constant level (height) surface where

V "P where - = a! (T, = mean virtual temperature along the distance n on
pf an p p

the surface, p = mean pressure along that same path, and R is the gas constant for dry
air). The virtual temperature accounts for moisture in the air, which having a lower den-
sity than dry air causes T, > T. However, at temperatures normally found above 4 or

5 km T a T, and for the purposes of this report one may consider Tn -T. at satellite

heights >2 km (generally true over land except in a moist summer or tropical atmo-
sphere). This second form of the geostrophic wind equation can be used to check for

changes caused by errors in p or T, (or T).

A similar type of "equilibrium" wind for curved parallel contours is referred to as the
gradient wind. In this case, the tangential acceleration = 0. The scaler version of the

equation is V1 + 1 + 4LI)2 )where r = R tan a (R = radius of earth, a
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- angular radius of the equivalent small circle for r as seen from the center of the earth,
and r = radius of curvature.) The equation may be rewritten for V and V. in knots and
nautical miles, or kilometers per hour and kilometers.

1
V- 18W f .+- I + 4 i)2 (2)

The parameter rf may be computed or extracted from standard tables to a sufficient
accuracy (List 1984).

Heights of pressure levels are normally computed from the hydrostatic equation

Z 0 EOn( (3)-0

where the subscript o refers to the surface or bottom of a layer. As before, T may be

substituted for T',. Here the mean value is along a vertical path for a layer of atmo-
sphere. Computation begins at the surface or a reference p level. The height differences
or layer thicknesses (z - z0 - =) are "stacked" upon each other from bottom to top.

The real wind may be defined as the geostrophic wind plus an ageostrophic component.
The horizontal part of this component consists of a p-essure tendency term and a term
involving the change in spacing of the contours (or isobars). To a sufficiently reasonable

approximation (Haltner and Martin 1957), the pressure tendency (&) term is given by

- lA (4)

where s consists of normal and tangential distances. The term for the change in contour

spacing may be found by (T - V -) aV ,•: where V is the real wind. To a fairly*f &
reasonable approximation, V on the right side may be approximated by V., the mean
value along the distance s (in this case along a path equidistant from neighboring
contours).
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(V-v,) (5)

One may compute values that roughly estimate "typical" magnitudes of the possible
errors in wind caused by the geostrophic approximation and errors in the geostrophic
wind caused by errors in input values (for example, mean layer temperature). As a first
step, wind speed only is considered.

2.2 Errors In V. Caused By Mean Profide Temperature Error

The geostrophic wind for contours at 100 geopotential meters (gpm) in units of knots

(List 1984) may be stated as 1 0.01712 where &n is in degrees of latitude. At 4509e An
latitude and a contour interval of 30 gpm, and &n expressed in kilometers,

,S a 5.701 x 10P in kn or '. 2.9387 z 10. in ms- (6)

A4i Ant

For other contour intervals multiply by the ratio of "new interval"/30 gpm. For a typical
midlatitude atmosphere (Jursa 1985), for the surface (assume at 1000 hPa) to 500 hPa
layer, the possible error can be computed from net temperature profile error by using

equations (3) and (6). The mean layer temperature for the April atmosphere at 45ON
(Jursa 1985) is used to compute the height of the 500 hPa level.

AZ = 287 KmS(265 X(- 0.693) = 5373.6 m 5266.1 gpm
9.81 m-2

Values are computed for differences of T of 1 and 2 K, or T = 264 and 263 K.

Azm = 5353.3 m P 5246.2 emn

S= 5333.1 m x 5226.4 gpm

For the case of a difference over the 1000 to 700 hPa layer for the same atmosphere,

-2s7 K-W-m2s
A = 27 (268 K)(- 0.356675) = 2797.0 m o 2741.1 gpm

9.81 ms-2

S= 2786.6 m , 2730.9 spm

= - 2776.1 m , 2720.6 gpm
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Similar computations may be made for other layers or sublayers, for example, in table 1.
We now assume a "true" A4 of 30 gpm between soundings 200 km apart. The
differences in 76 errors between the soundings are assumed to be 1 and 2 K (for

example, the first s ainding has a T error of 2 K, and the second has an error of 3 K,
for a difference in error of I K).

TABLE 1. DIFFERENCES IN GPM COMPUTED FOR THE LISTED
LAYERS FOR THE LISTED DIFFERENCES IN T ERROR
BETWEEN TWO SOUNDINGS 200 KM APART.

(K) 1000-900 1000-800 1000-700 1000-800 1000-500
0 0 0 o o 0o

1 i 3.0 J 6.4 10.2 14.7 19.9

2 6.1 12.8 20.5 j 29.3 39.7

Equation (6) can be used to compute the V, values for the "measured" difference (30

gpm) over 200 km, and V. arising from the two T error differences (1 and 2 K), for
both the entire 1000 to 500 hPa layer and the several sublayers. Table 1 shows the gpm
differences and table 2 shows values of V5.

TABLE 2. VALUE OF Ve IN ms-1 COMPUTED FOR THE LISTED LAYERS

AND DIFFERENCES IN T ERROR BETWEEN TWO SOUNDINGS
200 KM APART. Ai DIFFERENCES WERE ADDED TO THE
"MEASURED" 30 GPM TO OBTAIN THE VALUES SHOWN.

T6 Difference !_ Layer (hPa) ,,

(K) [ 1000-900 1000-800 1000-700 1000-800 1000-500

0 14.7I== 14.7 J 14.7 J 14.7 J 14.7

1 16.2 17.8 19.7 21.9 M 24.4

2 [ 17.:7] 21.0 24.7 29.0 34.1
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Table 2 shows that the V, differences are about 9.7, 5.0, and 1.5 ms- respectively for

the layer and, for example, the 1000 to 700 hPa and 1000 to 900 hPa sublayers for a T

error difference of I K. For a 2-K difference, the V. differences are about 19.4, 10.0,

and 3.0 m-s1 , respectively.

These differences in V. are not small and may even result in a 180-degree change in

direction (for example, subtracting 39.7 gpm from 30 gpm gives -9.7 ms' (reversed

direction of the gradient) resulting in a small V, in the opposite direction).

2.3 Errors Caused By Curved Flow

One may compute the difference in wind speed caused by the flow being curved instead
of straight (along a great circle). For this comparison, the gradient wind for moderate

geostrophic winds (15 and 30 ms-) is computed. From tables in List (1984) an rf

parameter of 0.062 at a latitude of 450 is obtained for a radius of curvature (r) of about

600 nm (a 1110 An). For = 15 msD-,

V -111.6sh-'nms'l-1 +-)"J = 26.1 kn 13.5 ms-

Also, for V, = 30 ms-1,

V - 47.9 -n a 24.7 ms 1

The two differences (V - V,,) computed above are 1.5 and 5.3 ms-.

2.4 Errors Caused by Mean Temperature Error

Another possible cause of error is an incorrect value of T but no difference in T error

between the two soundings (same T error at both locations). The constant level surface
- ,A where the assumption is that

version of equation (1) is used; that is, V, u f• wA h

Ap = 20 mbar An =1000km, p =700 mbar,/at = 45*

For T = 270 K,

V (.297 K-'IM2,S' 270 K'2__• 21.'5 '

1.3(10"s-' 700 mbar( ,
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and for T = 267 K,

Ve=21.3ms - .

The difference in these moderate values of V,, is about 0.2 ms-'. The likely error of

a few tenths of a meter per second for moderate V,, is small rclative to the other

possible errors.

2.5 Errors From Ageostrophic Deviations

A significant potential source of error arises from not considering certain deviations from
the geostrophic wind, which may be roughly approximated by the horizontal ageostrophic
wind components. Equation (4) may be used to approximate the ageostrophic component
arising from the pressure tendency.

Here a pressure tendency normal to the wind of -1 hPa over 1 h near 45* latitude is

considered. One hPa = 10 kg m-s- and the air density (p) = 1 k m-'.

(V - V), - -10 k 3, S - 1.3 -1

If the tangential component was the same size, the rough magnitude of the total pressure

tendency term would be about 1.7 ms-1.

Equation (5) expresses the ageostrophic component arising from a change in the spacing
of contours on a constant pressure surface (or isobars on a constant height surface). A

change of geostrophic wind of 2 msn' over a distance of 200 km is not unreasonable.

For geostrophic wind speeds of 15 ms-1 and 30 ms-', at 450 latitude,

(V15-V-)m l Ii 2___ 1.5 ms.(V - VS) 1.0(0-)l

and (V - Vr), a 2.9 ms-'

Higher values of V. or can occur, leading to higher values of this "contour spacing"

component. When both components are combined, the ageostrophic part of the "real"

horizontal wind may exceed 5 ms-1 (or < 1 ms-1 if the two terms tend to cancel or ,.

is small).
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2.6 Apparent Error From Direction Deviations

So far the error caused by incorrect orientation of the gradient has not been explicitly
considered. Jedlovec (1985) reported on differences between gradients derived from data
of the visible infrared spin scan radiometer (VISSR) atmospheric sounder (VAS) carried
on the geostationary operational environmental satellite (GOES) and those computed
using data from a special dense net of rawinsondes (50-km spacing). The differences
ranged from a few degrees (almost parallel) to about 900 (nearly perpendicular). In the
absence of other factors, an error in direction of the gradient (or contours) of around 30'
could lead to a difference in V. along the expected wind direction of about 2.0 and 4.0

ms-1 for V. values of 15 and 30 ms-, respectively. A realistic high deviation in

gradient near 450 could produce V.t differences of about 4.4 and 8.8 ms'- for the

aforementioned V, values. While even good quality data from rawinsondes may contain
wind velocity errors, the deviations in direction reported by Jedlovec (1985) may reflect
real differences from the true direction of the gradient (or contours).

2.7 Net Error Values

Table 3 lists some of the potential causes of error in satellite-derived estimates of wind
speed that use the geostrophic wind, along with possible magnitudes of those errors. A

moderate wind speed is assumed (10 to 30 ms-i).

TABLE 3. POSSIBLE MAGNITUDES OF ERROR IN WIND SPEED ARISING FROM
LISTED CAUSES FOR SATELLITE-DERIVED GEOSTROPHIC WINDS.

Cause Resultant Wind Speed Error

1 Incorrect T 0.1 to 0.4

2 Gradient instead of Geostrophic Flow I to 5

3 Computed contour gradient incorrect 5 to 20
(varying error in T sounding)*

4 Ageostrophic component
Pressure tendency 0.5 to 2
Contour spacing change 1 to 5

5 Incorrect direction of gradient (height Near 0 to 10
or pressure) (Component in expected direction of wind)

*For the T sounding error (item 3) a layer of at least 300 hPa was assumed (for example, near

sea level surface to about 3 km AGL, the region of largest satellite temperature error over land).

12



These values may tend to augment or cancel one another. For example, items 3 and 4

may result in errors of over 20 ms-' or only 1 or 2 ms-'. Miers et al. (1992) and their

references report satellite geostrophic wind errors from +4 to +14 ms-1 , generally
compared with wind speeds measured by rawinsondes. Rawinsonde data also may have

errors, ranging from < I ms'- for high quality equipment to > 2.5 ms-' for older
(now mostly obsolete) equipment (Fisher et al. 1987). Reasonable "middle of the road"
errors (I to 4 of table 3) from this analysis may lead to a "total error of about 15 to 20

mrs- where the individual errors sum together or perhaps only 2 or 3 ms'- where they
largely cancel.

Deviations in direction of the gradient or contours from the actual direction (Miers et al.

1992, Jedlovec 1985) could result in apparent errors of up to 10 ms-1. This "error"
would be important for computing the wind speed for a specified direction. An example
would be the cross or along trajectory wind speed for an artillery application. The
apparent error (but a real component error) could either increase or decrease the "true"

error. For example, an error in wind speed of 10 ms-' combined with a deviation in

gradient direction could result in a down range error of approximately 15 or 5 ms-.

The net errors shown in table 3 represent a range of "typical" values for moderate wind
speeds (10 to 30 ms'). However, the reader may compute other values of potential
errors for greater or lesser wind speeds, as well as for other parameters (for example,

different radii of curvature, or differences in T error less than 0.5 K or greater than
2 K). The reader may elect to calculate new potential errors for one or more of the
causes of table 3 to arrive at additional net error values. Appendix A con tins a
selection of tables from List (1984) that should suffice, along with the eqi.•tions
presented herein, for nearly all additional calculated errors.

3. THERMAL WIND

3.1 Basic Derivations

A number of texts provide information on formulations of the thermal wind (Haltiner anc
N, -tin 1957, Holton 1979). The form derived in Holton (1979) is used here. Given the
horizontal components of the geostrophic wind in geopotential form,

M and v -1 (7)

f ay 'f a

and

I RT (8)

a p13
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When equation (7) is differentiated with respect to p and equation (8) is applied, the
results are

as a&hp f (aIx,

8p alp f ray),

or in vector form ýYt = - - vT)
IN* -f

and•- 1 ) - V,(p. - A f k x v7, W

where T = temperature, p = pressure, p = density, R = gas constant for dry air,4O
= geopotential, and V, geostrophic wind. f is the coriolis parameter (= 2 0 sine
where ) is the angular velocity of the earth at the poles and 6 is latitude). In
component form

U7 = - !!a) * (9)

=T 0 R(6 LPO (10)

where u. = u(p 1) - u(p.) and vT = io,•(P) - v(P,) are the thermal wind components
defined as the differences in the geostrophic components for the upper p surface, denoted
with subscript 1, and the lower p surface, denoted by subscript o. T is the mean
temperature for the layer from p. to p,, and x and y are distances in the east-west and
north-south directions, respectively. An alternative method is to use the geopotential
form, or the equivalent "height" form.

,, - _ f, -•) _ _ _8e(z, -z.)
Ur y ., y if f 4y

VT M-

fax fax
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Since this paper is concerned with errors in satellite temperature soundings, equations

(9) and (10) will be used.

3.2 Errors From Incorrect Mean Temperatures

Equations (9) and (10) may be approximated in finite difference form to a sufficient
accuracy.

rAY~ P1)

Taking differences in errors in T6 between soundings 200 km apart of 0.5, 1, and 2 K,
one can compute potential discrepancies in thermal wind for given layers of atmosphere.
The 700 to 300 hPa layer will be considered as a whole and subdivided into 100 hPa

sublayers. Isotherms orientation will be assumed to be NE-SW (45*) and latitude to be
43*. For the entire layer, for a 2-K error in T

U -287 K-M2.-I( 1.414 K o473) 2"" lo-, s-1, 141.4 (10,)m " - -.. 7(.73)

- - 24.3 ms'

v. & 24.3 =s"1

The magnitude (wind speed) from the standard formula is

VT,- (4 + V72)2 _ 34.4 w-s-

For a 1-K error in 'T,

Ur - 12.15 R.U-1

vT - 12.15 ms 1

VT a 17.2 ms-

15



For 0.5-K error in T,

V7, a 8.6 ms

Table 4 shows the values for individual sublayers (I) and the cumulative error (sum of
errors from lowest to given layer, C). Slight differences between last cumulative values
and values for entire 700 to 300 hPa layer appear because of round off of table values.

TABLE 4. THERMAL WIND VALUES (As-&) FOR LISTED LAYERS AND

DIFFERENCES IN ERRORS IN MEAN TEMPERATURE (C)
BETWEEN SOUNDINGS 200 KM APART.

S~~Layers (hPa) ...
DifferenceDfeec 700-600 600-500 500-400 400-300

I C I C IC I C

0.5 1.6 1.6 1.8 3.4 2.3 5.7 2.9 8.6

1 3.1 3.1 3.7 6.8 4.5 11.3 5.8 17.1
2 6.3 6.3 7.4 13.7 9.1= 22.8 11.7 .1

3.3 Net Potential Error

The results shown in table 4 do not include possible errors in the baseline wind field (for
example, wind at 700 hPa), errors arising from not considering curvature, and ageo-
strophic components. Use of measured wind as the baseline value will reduce the total
possible error. However, since the thermal wind itself makes use of the geostropic
approximation, the other sources of error may have an increasingly greater effect as
height from the baseline level increases.

As a first estimate of potential errors, one can use the values of table 3, with the range
of values from table 4 replacing item 3 (varying error in T sounding causing incorrect
contour gradient). Table 5 repeats part of table 3 along with new results from table 4
for a 700 to 300 hPa layer. The values of item 1 of table 5 would be smaller for thinner
layers (for example, a range of <1 msI - to around 12 m=- for differences in T error
of a few tenths of a degree to about 2 K for a 100 hPa thick layer).

These errors may tend to augment or cancel one another. For example, items 1 and 3
may result in errors of over 35 ms-', or only 1 or 2 ms-1. For thinner layers (for
example, 700 to 500 hPa) the value of item 1 would be much smaller (table 4), reducing

16



the overall potential error. However, the numbers in table 2 assume a "perfect"
measured wind velocity at 700 hPa. The wind speed error of measured wind (rawinsonde

or radar profiler) is likely to have a value near 1 to 2 ms-1 (Miers et al. 1992, Fisher
et al. 1987). This error also may augment or diminish the "thermal wind" error. Some
rough idea of potential error may be obtained by assuming "middle of the road" errors

from table 5 (items I to 3). The potential total error may reach values over 25ms-'

where the individual errors sum together, or perhaps less than 10 ms-' where they
largely cancel.

TABLE 5. POTENTIAL MAGNITUDES OF ERROR IN THERMAL WIND

GIVEN POSSIBLE DIFFERENCES IN T" ERROR BETWEEN
SOUNDINGS 200 KM APART.*

Cause Potential Wind Speed Error
(MS-1)

1 gradient of layer (700-300 hPa) incorrect 5 to 35

2 Gradient instead of Geostrophic (curved flow) 1 to 5

Ageostrophic component
3 Pressure tendency 0.5 to 2

Contour spacing change I to 5

4 Incorrect direction of temperature gradient Ne& r 0 to 10

*The assumption is that the difference in T error does not exceed 2 K for the 700 to 300 hPa
layer. Baseline wind measured at 700 hPa.

Deviations in the temperature or height gradient from the actual direction (Miers et al.
1992, Jedlovec 1985) could result in apparent errors (but a real component error) of up

to 10 ms'- in geostrophic wind. These same deviations could cause errors in estimates
of thermal wind of about the same size for thicker layers (for example, 700 to 300 hPa).
Since thinner layers (for example, 700 to 600 hPa) normally would have smaller thermal
wind values, the error from deviations from the true gradient direction would be smaller,

perhaps less than 3 ms-1. If a measured baseline wind was not available, the error could
be considerably larger. For example, for a 700 to 300 mbar layer use of the geostrophic

wind as the baseline wind could lead to errors of over 40 ms-1 if the net thermal wind
error and the error in the baseline geostrophic wind tended to sum together.
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4. CONCLUSION

Errors in satellite estimates of the real wind that use the geostrophic approximation or
thermal wind may reach significant values. Net differences between the actual and

geostrophic wind from a few to over 20 ms1- are possible, with reasonable middle

values of 10 or 12 ms-'. The apparent wind speed error caused by differences in
orientation of the geopotential height gradient may increase (or decrease) the component
of the geostrophic wind in a specific direction, resulting in an augmentation or reduction
in the effect of the other "real" errors. This effect may be especially important for
artillery or aviation.

Net differences between the real wind and that derived from the thermal wind may range

from a few to over 30 ms' for thick layers (for example, 700 to 300 hPa), with

reasonable middle values around 15 to 18 ms-'. For a thin layer of approximately 100

hPa thickness, the errors may range from 1 to over 10 mS-1 with reasonable middle

values near 3 to 6 ms-. The apparent wind speed error caused by differences in
temperature gradient orientation may increase (or decrease) the component of the
estimated wind in a specific direction. As with the geostrophic wind, this apparent error
may augment or reduce the effect of the other "real" errors.

The potential errors described in this report may occur when satellite data are used
alone, without any additional data to "tie" down the appropriate satellite values. Some
improvement should be possible through the use of new sources of data (Miers et al.
1992) such as radar wind profilers and accompanying radio acoustic sounding system
(RASS), ground-based radiometers, and sensors on unmanned aerial vehicles, combined
with processing techniques currently under development. In addition, new satellite
sensors will eliminate many of the difficulties associated with current instruments. For
example, new active sensors planned for early in the next century (for example, the laser
atmospheric wind sounder) will measure wind velocity directly for cloud-free lines of
sight, and new passive sounders (for example, atmospheric infrared sounder) will
improve temperature profiles. In the interim the combination of additional sources of
data, new processing techniques, and satellite sensors coming on line by the end of the
1990's (for example, special sensor microwave imager/sounder on Defense
Meteorological Satellite Program satellites, and the advanced microwave sounding unit-A
on National Oceanic and Atmospheric Administration satellites) may provide the best
solution. Descriptions of these sensors may be found in NASA (1991), Patel (1992), and
Swadley and Chandler (1992).
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APPENDIX A. TABLES FOR CALCULATING GEOSTROPHIC AND GRADIENT
WINDS

This appendix presents a series of tables from List that may be used as an aid in calculating
geostrophic and gradient winds. Accompanying explanations are included. For further
details see List (1984),1 Haltiner and Martin (1957),2 and Holton (1979).'

'G. Haltiner and F. Martin, 1957, Dynamical and Physical Met, McGraw-Hill Book Company,
NY.

2J. R. Holton, 1979, An Introduction to Dynamic Meteorology, 2nd Edition, Academic Press,
New York, NY.

3R. List (Ed), 1984, Smithsonian Met Tables, Smithsonian Institute Press, Washington, DC.
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TAa4 37

GROSTROPHIC WINZ, CONSTANT PRISSURE SURFACE

100 geopetettial meter oortaturs

~Tbe SCLIVeqrjation far the goo..cPhic wind on a constant pressure surico is

wh-- sthe gepatecda1 in a cousta-prasure surface. a is distance srtured in the
dictcu tr, o fis the conhus parameter, and V, is the cnpocac= oi the geostrbcpiw; .. !a to the dircdo in wkcb n is masture&.

6: a consm pressure surface with cxuta drawn for in:gcIs cd 100 &aooteim
=rt-rs (gp.) this r to

V,(km.l) == 0.017-20

C:beam.- ea t g,)

0.1. 5. o10" 15" 2" " 250•* 3 35" 400 43
age$mumi silo AMDS ina i bss la b aft haMM kw kns

1.0 111 69 60 676.0 4.:5.5 3432 277.8 234,8 204.7 182.6 166.0
1.1 122 76 66 614.6 412.3 312.0 2U5 213.4 186.1 166.0 150.9
12 133 83 72 563.3 378.0 286.0 231.5 195.6 170.3 13U 13$.j
1. 145 90 78 520.0 348.9 264.0 213.7 180.6 137.4 140.5 127.
1.4 156 97 84 482U 324.0 245.2 198.4 167.7 1462 130.4 1181

I.S 167 104 90 430.7 302.4 228.8 1832 1-64 136.4 121.7 110.7
1.6 178 111 96 422J 293. 214.5 173.6 146.7 127.9 114.1 103.3
1.7 189 117 102 397.7 266,2 201.9 163.4 133.1 120.4 107.4 97.7
1.8 200 124 108 37-.5 252.0 190.7 154.3 130.4 113. 101.5 92
1.9 211 131 114 35.8 238L7 180.6 1461 323.6 107.7 96.1 87.4

2.0 222 12 120 338.0 1 17L 138.9 117.4 102.3 91.3 83.0
2.1 234 145 126 321J 216.0 163.4 132.3 111.8 97. 87.0 79.1
2.2 245 152 132 307.3 206M2 I3.0 126.3 106.7 93.0 83.0 75J
2.3 256 159 138 293-9 197.2 149.2 I208 102.1 89.0 79.4 722
2.4 267 166 144 281.7 189.0 143.0 115.7 97.8 853 76.1 69.2

2.5 278 173 150 270.4 181.4 137.3 111.1 933 81.9 73.0 66.4
2.6 289 190 156 260.0 174.4 132.0 106.8 90.3 78.7 702 63.9
2.7 300 187 162 250.4 168.0 127.1 102.9 87.0 75.8 67.6 61.5
2.8 311 193 163 241.4 62..0 12=4 99.2 83.8 73.1 65.2 59.3
2.9 322 200 174 2331 1U6.' 118.4 95.8 81.0 70.6 63.0 57.2

3.0 334 207 180 223 151.2 114.4 92.A 78.3 68 60.9 55.3
3.2 356 221 192 211. 141.7 107.3 8.8 73.4 64.0 57.1 51.9
3.4 378 235 204 198.S 1.3.4 100.9 81.7 69.1 60.2 53.7 48.8
3.6 400 249 215 18.3 125.0 9.J 77.2 632 56.8 50.7 46.1
3.8 423 263 228 17,,.9 119.4 90J 73.1 61.8 53.9 4.1 43.7

4.0 44S 276 240 169.0 113.4 85.8 69.4 58L7 51.2 45.7 41U
42 467 290 252 16LO 108.0 81.J 66.1 553 48.7 43, N9.
4.4 419 304 264 153.6 103.1 78.0 63.1 514 46.5 415 37.7
4A6 511 318 276 147.0 96.6 74.6 60.4 51.0 44.5 39.7 36.1
4S 534 332 28M 140.8 94. 713 57.9 49 424 38.O 34.

,.0 536 345 M00 13S2 90.7 68.6 S.6 47.0 40.9 36.5 332
54 612 0 3 1223 82 624 42.7 .2 3 30,2
6.0 667 415 360 112.7 75.6 572 46J 394.. 34.1 30.4 27.7
64 723 449 390 104.0 69,8 52.8 42.7 36.1 31.5 28.1 25J
7.0 77 484 420 964 64.8 490 39.7 33J 292 26.1 23)

&.0 8N0 553 480 843 56. 42.9 34.7 29.3 25.6 222 20.
9.0 1001 622 540 7M 50.4 ,.1 30.9 2&.1 22.7 20.3 1M.4

10.0 1112 691 6W00 67.6 45.4 344J 27.8 234 20. 18.3 16.6
(To coswt kwu to athor mawu of need oe Table IL)

Smusaml alrrlumues,,,. vn,2
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010STROPHIO WINO, CONSTANT PRES8UR. SLURFACZ

100 leooetentval meter oentouis

w ax.-: ,i is the contour spacing =. ueud in depg:, of la=a (Le,, one nit of u bas
.s 1t. of one dat'. a iaWitdat u the plac for which the cuoto gpa-g is measured).

Tab•lrY. Vi lues of V, in u s. , o( u, a .ntnoe ms with Auxil.a
c-.I~s pvsug equivaiaut of An in dlouzAtrs. statute mawes am nautial mtes. If the

lartur are amusur by a map scale =* at soms other loczuide the value shou~d be car-
rwc.ed to the latitude at which the =cuum ts an takeu (sex Tab:e 16.1).

Since the gmotraplc wind is inverely pootdomal to the 00fitma 30' acd dirCtctl
prop artoaa to the Foatomw interval (A* a=u), walue of V, tat~ Ii 0t tm ioeh u
spacing may be I wind by inul yWgte tabular vlah by 10, etc, and for ccmo
intervals that ane multiples or ... v;1e of 100 us.m rt mutplying tl:e tasbaiar Y%!.aes
by AiLo10 (ejz, for 200 go=. canmr mmltily b7 2, ftr --0 %V&. ==-3u. znultipl4y

L Mo. zit.s6-2f nag .0 554 600 65' 706 75' 80' 85"
tu& "4 sat w Sni UN k4ar hUES kU b la lam bo WO
1.0 111 69 60 153.3 143.3 3 1294 124.9 121J 1192 1173
1.1 in2 76 66 139.5 130. 123. 117.7 113.6 1103 108U 107.1
12 133 81 72 127_7 119.4 113.0 107S 104.1 1J 99.3 9
1.3 145 90 78 1173 1104 104.3 99.6 91 93. 91.7 904
1.4 1.6 97 84 109.5 1Q.4. -93 92. 193 MA 3 5.1 94,

1-5 167 104 90 =. 4S3. 90.4 6.63 W3.3 81.0 79"J 78.
1.6 l••7 111 96 91.3 89.6 84.7 $1.0 MI. 7.0 744S •7•3
1.7 to9 II7 102 90.1 S4. 79.7 76.2 as 71J 70.1 591
1.6 200 124 106 $5.1 79.6 753 7=. 60.4 67.5 6&.2 6.5
1.9 211 131 114 1 7A.4 71.3 8.2 . 64.0 62.7

2.0 = 133 120 7IM 71.7 67.8 64.8 62 60 59.6 S.9
2.1 234 145 126 73.0 682 64.3 41J 194J 57.9 S6U 56.1
2.2 245 132 132 69. 63.1 61A Sg 56. 552 54.2 33A
2.3 2m6 1i9 131 66.6W SU. SU. 363 435 SU St$ 12
2.4 267 166 144 63 59.7 565 W0 5 504 49.7 49.1

2.5 27s 173 ISO 61.3 57.3 S4.2 51A 50.0 4U 47.7 47.1
24 289 110 154 53&9 55.1 52. 49. 41 4&.7 45.8 453J
2. 300 117 162 56A S3U 50. 410 46.3 45.0 44.1 43.6
2.8 311 193 [66 S4.7 51.2 46.4 46.3 44.4 43.4 42.6 47.1
23 322 200 174 5U 49.4 46.7 44.7 43.1 413 41.1 404

3.0 334 W 100 S1. 47J 453 43.2 414 40.5 39.7 39.
32 36 221 192 47.9 44.6 42.4 40.3 39.0 M36 37.2 364.
3.4 378 235 204 4.1.1 42.1 39.9 A6. 34.7 33. A. 34.7
3. M 249 216 42.$ 3•.8 37 36.L 347 SU 3. W2.
&S 423 X3 37.7 0 V34.1 2 33 .031,4, 1.

4.0 445 VG M 38.3 3. 333 3.4 3X2 30.4 2.8 29.5
.4.244*0 M = 36.334.1 SU AS 29.7 6.92a.4 2L

C4 40 A4 2U4 34.8 W2 3039 29.4 2L4 VA. 27.1 26A
4. 31131 2 1 6 33.3 312 29 3 2 , Vf A 14 2 .9 21A
4* 534 3313 US3 263 V7 2&.0 253 24.8 U4.

34 53 345 304 2L? M7. 2L9 2504 24.3 23.1 234
54 612 36 310 273 26U 244 23.5 W2. 21 21. 21.4
6,0 607 413 360 2135 23J 224 A14 M0 2D.3 1". 194
6J M2 449 390 23.6 22. 2U. 193 193 16.7 163 16.1
7.0 M7 464 420 21.1 20. 11.4 16.3 17* 17.4 17.0 183

U. 9 553 460 19.2 17.9 11 162 flU 1532 14.9 14.7
9.0 1001 622 "4 17.2 13. 15.1 14L4 LII LU. 1 ILI3

10.0 1112 do1 400 13.3 143 13* 13. 12J3 %U. III 11
(To us t low to eobw mv s rA V seTAk? 3L.)

=f*Mmu =8uueuW" TAum
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TAMM 4

GRADIENT WIND

The eq.a,-on for &.e mder.: ,--.r4 speed V in egs uti is,

where

r ='radius a -r of the trjea=y= R tan a (see Table 166),
! = Ccriolis paroxe:tar Zi sks• (, = argular ve!ocz-y of mation of t.e ea.-th,

0 = latxude),
V, =geoswophic wind s2*td (see Tables 37.39).

Eq--.at= (1) = be m::-.t in t-e following form

V4 -1 •/ 4v) (2)

for my of the following consist= cmbniom of ia:

a. V and Voin miles perho. instatute dlee,
bL - iUmots, - in c.?--3-il
c. k ilomters per hour' in Idlonom.

V is a fu.c-on of the m-r-.e- . And of the i6peed V. only. 6n alyi:ng

. wo()an~hd (2) The :. i "on!wLj s pbrmmnl s•poeim

=04 for Mdmaemm nsnr7 < for cycl*11ac co aMe
Table 40 A stes va!ue of -!e • alwetr v0f atau W, fi of latit , o, and r. Table

40 B ivlu of V for cyt=c cmnewe and Ta" 40 C for mnticycloci4 cvew
as a rmoa ufthe paraeter '1 acd te gsupo '' wind spud V5

To find the gradient wind seed- at a gree poit.-
1. Dtem-!e the iatinjdt 0 azd the value r of the trajectory. (Table 166 indicate

a method icr ind-ng r on a polar sewwwapluc ma9 projecion; for other
projiec- an iadma. mant be •ade")

2. From Table 40 A fad %he paramete P1. (This pmarowuer is Hut in r so that
values for other radii hhtk oef sm be eil dememined frow tite table.

I. Determi the geomzophic wind speed V, at tde given po (w Table. 37-39).
(V, and r must be in on of tde consitm ombinbiiom of units givT= above.)

4. Enier Table 40 B (cgclcmic case) or Table 40 C (andcyrcloni caue) with the
arguemsa P1 and P . -ibe corresponding thabler value is the gmdient wWn V
in the am2units as V.

24



a @ * a

I*- -n St W pi?

0~~**0 0

f4I.

"' M ga

*: id'~

-V =z

~~ ~ 2-9z"--

o 0ON

-~ mVI ~-w' pa~naP

ia~at

*A

i 4d

a ~~;VI

0-- M- 15q1W AA9
46 d 4

111 Hl 111A

25Z



IJ
q~atam99AZZ1

-. A ý

ang In W

-~~~ X4ROM -~ -

R N NN~g

L - --- -- -

--- -- =-w ANA~ ~ ~'--- ~ N N ~ q. ~ ~~w ---

~~00-- -- - e4 C4' ~ W'~~

.,o--a= tPJ.,w' ý A. e -A P t I ý S .a409

26



.V N 2 W-1 2 qL

Q W,

fn- v %^

C~0'flA% rm'. IW!P INr%

.NN a S29A

"2299 RAMA ist

- ~ ~ ý W, 4 IO

N - Cr

"1 14Xvrwj;u 2z
- -- N r ~ -a - 3

-10 XVI.A 12 it'

- - -

'n~~0- IIu. m;
~ VI @-.4 AaaqO% -. 5NNV

22



TABLE 166

RADIUS OF CURVATURE ON A POLAR STEREOGRAPHIC PROJECTION

In cm ctir•g• r ad2e:n -vi-d speeds (Table 40) and in other prcblemns it is nec-ssary to
dete.mine a factor r which depýnds a curvamm of the tajectory. This factor arises in
taking accourt oi the hcrizontal component of the centrifugal force acting on a par-icle.
T'he ;-obiem is twoicl-d: (1) to determ.ine the trajectory of the particle on a map, And
(2) to ,etermine the required va.;,e of r if the :rajectory on the map is kaown. The first
problem is of such r.atmre :!at it cannot be t-!ated adequately here. ('N'oTL-In many
cases at approximation is made irom the cura:m-e of the isobars or streali--nes.) The
second problem has been solved ior :he ctse of a polar stereographic projection, since on
this project.on a "sm'. circ!e" on the earth ;rojects as a circle on the =ap. Table 40
provides a means for cnpu.-nting the desired r for trajectories on a pola- stereographic
projection.

Let RJ be the rad:is c! the eam-h, e the true radius of the "sr'.aU circle" on which the
paiz--e is assumed to b2 --rave'-ng at a given iasmt. and a its ar-g-:iax radias (as seen
fr-o the center of the Car-h). The,, r' =R sin -- Since we are concerned with the hori-
zontal cm=ponent of t'he cer--ifugal force, the dectiv horizontal radius of the curvature
required in the gradient wind equation is given by r =r'sec a = R tana. If in arc on a
map representing the .-itantaneous trajectory of a particle oi air is determui, this arm
may be regarded as a po.tion of a "smalU tile." -.

To determire r for a iv.en arc of a tajetory an the map:

1. Complete the ci.-"e by extending the anr (a set of circ-lar templates will prove
very useful).

2. Find the meridian which passes through the ceter of this circle.
3. Determine the la-::.des ch and 0s of the points where this meridian intersects the

circle (exte-d the meridian across the pole if necessary).
4AL If the circle fcu-d in step I doe: sot .ctain the pole, f&%d the diffe-e.ce bet-ewn

*% and 6, a•d enmer pat A of the table with this diffe.-ence as the ar,-p•=n .
The correspo.rding tabular value is the required radius r in statute miles, ;om
the formula r=R tan4 j(o,-- o,).

41. If the circle i•.ud in step I e the pole, find the sum (o, + A) and enter
part B of tihe table with this sum u the argument. The corresponding tabular
value is the required radius s in swate miles, from the formula r = R tan (90"
• -4 (0 +00]) .

SMITWUNuIAI UIT"NLOGICAL TAILD
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TABLE 166

RADIUS OF CURVATURE ON A POLAR STEREOGRAPHIC PROJECTION

A. Cirele = indc.1": pole.

0 1 2 3 4 S 6 7 8 9

ml, mL m.L ML Ali mL mL =L M.- mL
o0 0 35 69 104 138 173 207 242 277 311

10 346 381 416 451 486 521 5.6 591 627 662
20 6;8 733 769 805 841 877, 914 930 987 IC23
30 1060 1097 1133 117f 1210 1248 1236 1324 1=63 140
40 1440 1479 1519 1559 1599 1639 1680 1721 17U2 1803

50 184.3 1887 1930 1973 2016 2060 2104 2148 2.93 2239
60 2353 2331 273 2423 2473 2521 2.570 269 2'd; 2.::
70 2771 2832 2873 292S 2982 3036 3092 3148 3C-; 3B'2
80 3320 3380 3440 3501 M35 3626 3690 3735 3821 3U89
90 3957

B. Circia iduding pole.

#A+ 0 1 • 3 4 5 6 7 8 9

L mL I mL ml. mL. ml mL. . mL . mL .
0" 453433 22667 151110 113313 9C631 75304 64697 56••39 507

10 45•29 41093 37648 34730 3Z227 30017 28136 26477 24984 23646
20 22441 21350 20337 19449 13616 1749 17140 16482 15871 15301
30 14768 14269 13800 13358 12943 125.0 12178 118 11492 11174
40 10872 10393 10M08 10045 9794 9533 93=2 9100 8897 8SW3

50 84 826,6 8113 7V r766 7601 7442 7'.38 7113 6;'-4
60 6834 6C1S 6586 6457 6332 6211 6093 5978 3267 5737
70 5631 5547 5446 5W47 521 5157 503 4973 4886 4800
so 4716 4633 4532 4473 4395 4318 4243 4170 4r#97 4027
90 3957 3889 3821 3755 3690 32 3563 3-01 3440 3380

100 3=20 3262 3204 3148 392 3036 29 29 287W 232
110 21 2720 2669 2619 2570 2521 2473 2425 2378 233I
120 223 2239 2193 2146 2104 2060 2016 1973 1930 1887
130 IS4 1803 1762 1721 1680 1639 1599 1539 1519 1479
140 1440 1401 1363 LIZ4 12M 1248 1210 1172 1135 1097

I10 1060 1023 987 950 914 8,77 841 805 769 733
160 698 662 627 591 $36 521 486 451 416 381
170 346 311 277 242 207 173 138 104 69 35

imm InMU Mtau '•au " TA'M
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